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ABSTRACT: A series of single-phased (Sr3−x,Ca1−y−z,Ba)(PO4)3Cl (SCBPO_Cl):-
xEu2+, yTb3+, zMn2+ phosphors were synthesized by high-temperature solid-state
reaction, and luminescent properties of these phosphors were investigated by means of
photoluminescence and microcathode luminescence (μ-CL). Under UV excitation,
white-light emission was obtained from triactivated SCBPO_Cl phosphors via
combining three emission bands centered at 450, 543, and 570 nm contributed by
Eu2+, Tb3+, and Mn2+, respectively. White-light emission with the three emission bands
is further demonstrated in the fluorescence microscope images, CL spectrum, and μ-
CL mappings, which strongly confirm that the luminescence distribution of as-
prepared SCBPO_Cl:xEu2+, yTb3+, zMn2+ phosphors is very homogeneous. Both
spectral overlapping and lifetime decay analyses suggest that dual energy transfers, that
is, Eu2+→Tb3+ and Eu2+→Mn2+, play key roles in obtaining the white emission. The
International Commission on Illumination value of white emission as well as
luminescence quantum yield (51.2−81.4%) can be tuned by precisely controlling the
content of Eu2+, Tb3+, and Mn2+. These results suggest that this single-phased SCBPO_Cl:xEu2+, yTb3+, zMn2+ phosphor may
have a potential application as a near-UV convertible white-light emission phosphor for phosphor-converted white light-emitting
diode.

1. INTRODUCTION

The use of phosphor-converted white light-emitting diodes
(WLEDs) for general lighting are attracting extensive research
and commercial interest because of their long lifetime, high
luminous efficiency, low power consumption, and environ-
mentally friendly characteristics.1−3 Currently, the commer-
cially available WLEDs are based on a blue chip with yellow-
emitting phosphor (YAG:Ce). This approach can generate a
relatively cool white light that is uncomfortable for indoor
lighting due to red deficiency.4,5 White light conversion from
near-UV light emitting diodes (NUVLEDs) by use of tricolor
phosphors are considered to be a more promising route to
cover indoor lighting needs for their better color rendering
ability. Unfortunately, strong cascade excitation among tricolor
phosphors causes significant color altering and decreases the
luminous efficiency of WLEDs.6,7 Moreover, different thermal
quenching behavior of each component in tricolor phosphors
and the complicated coating technology involved are still
problems hard to tackle.8,9 In these regards, a single-phased
direct white-emitting phosphor pumped by NUVLEDs should
be a good choice for phosphor-converted WLEDs, since they
exhibit definite advantages, such as improved color stability,
better reproducibility, and a simplified fabrication process.10−12

Recently, several strategies were proposed to fabricate a
single-phased white-emitting phosphor for WLEDs, including

semiconducting nanocrystals,13 inorganic microporous materi-
als,14 light-emitting complexes,15,16 and multiple activators
codoped compound.17 One of the most promising approaches
for generating white light from a single-phased compound is to
dope multiactivators; namely, a rare earth sensitizer and
multiple activators (rare earth or transition metal) are codoped
into a crystalline matrix, such as Eu3+/Tm3+/Tb3+,18 Eu2+/
Eu3+/Tb3+,19 Eu3+/Tb3+/Dy3+20, and Ce3+/Tb3+/Mn2+ ions.21

It is because rare earth and transition metal ions have rich
energy levels that researchers have greater flexibility in
designing novel luminescent materials, using the principle of
the energy transfer (ET), for different applications. As is well-
known, trivalent Tb3+ is an ideal green-emitting activator,
showing sharp line emissions at 488, 545, and 583 nm. Seven-
coordinated or octahedral-coordinated Mn2+ can yield a broad-
band orange-red or red emission, which covers almost the
whole red emission area from 560 to 650 nm.22,23 Thus, Tb3+

and Mn2+ ions are frequently selected as green- and red-
emitting activator in luminescent materials. However, both the
green emission, originating from the f−f transition of Tb3+, and
the red emission, originating from the d−d transition of Mn2+,
are forbidden transitions and have very weak excitation in the
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NUV region.24,25 As an effective activator, the Eu2+ ion can not
only efficiently absorb NUV light to emit blue light but can also
act as an efficient sensitizer for Tb3+ and Mn2+ activators.
Therefore, it is highly expected to obtain a white-light phosphor
pumped by NUV light in an appropriate host by dual ETs of
Eu2+ to Tb3+ and Mn2+, as follows, Eu2+→Tb3+ and Eu2+→
Mn2+.
Apatite-type alkaline-earth halophosphates with the general

formula of M5(PO4)3Cl (M = Ca, Sr, Ba) as host of
luminescence materials have been widely investigated because
of the flexibility of host lattice, good thermal stability, cheap raw
materials, and simple synthesis conditions.26−28 In the
M5(PO4)3Cl structure, there are two types of cationic sites
(M1 and M2), which are the 6-fold coordinated 4f sites and 7-
fold coordinated 4h sites, respectively.29 Both sites are suitable
and easily accommodate a great variety of foreign cations, for
example, rare earth ions, transition metal ions, and alkaline
earth ions with different ionic radii, which make it possible to
design a novel luminescence material. (Sr3,Ca,Ba)(PO4)3Cl is a
host showing excellent luminescence properties when doped
with rare earth or transition metal ions.26 Herein, a series of
Eu2+, Tb3+, and Mn2+ tridoped (Sr3,Ca,Ba)(PO4)3Cl phosphors
are synthesized by high-temperature solid-state reactions. As
expected, a bright white light can be realized in SCBPO_Cl:-
xEu2+, yTb3+, zMn2+ powders by utilizing the principle of dual
ETs under excitation at 365 nm. Their luminescence properties
and dual ET mechanisms are discussed in detail in regard to the
photoluminescence excitation, lifetime decay, fluorescence
microscopic images, cathode luminescence (CL) spectra, and
microcathode luminescence (μ-CL) mappings .

2. EXPERIMENTAL SECTION
2.1. Materials and Synthesis. Samples were synthesized by a

conventional high-temperature solid-state reaction using stoichiomet-
ric amounts of SrHPO4 (99.9%), SrCO3 (99.0%), CaHPO4·2H2O
(98%), CaCO3 (99.9%), SrCl2·6H2O (99.5%), BaCO3 (99.9%), Eu2O3
(99.99%), Tb4O7 (99.99%), and MnCO3 (99.9%). The raw materials
were ground in an agate mortar. The mixtures were filled in alumina
crucibles with covers and were sintered at 1100 °C for 2 h by slowly
raising the temperature under a reducing CO atmosphere in a muffle
furnace. The pellets prepared in this way were cooled quickly to room
temperature and then ground to powders in an agate mortar for
subsequent use.
2.2. Characterization. Composition and phase purity of the

samples were studied by using a Rigaku D/max-2500 X-ray
diffractometer (XRD) with Cu Κα radiation (λ = 1.5406 Å). The
photoluminescence (PL) spectra were measured with a homemade PL
measurement system that was made up of a NUVLED array (365 nm
emission, full width at half-maximum (fwhm): 14 nm) as excitation
source and a miniature fiber optic spectrometer (Ocean Optics USB
4000) as detector. Photoluminescence excitation (PLE) spectra of
powders were measured with a FLS920 fluorescence spectropho-
tometer (Edinburgh Instruments, UK) equipped with a 450 W Xe
lamp as excitation source and a red-sensitive photomultiplier tube
(PMT, R-928) as optical detector. Fluorescence microscope images
(TE-2000 Instruments; Nikon, Japan) were recorded under UV
excitation at 365 nm to investigate the luminescence distribution of
powder particles. The CL spectra and μ-CL mapping measurements
(Mono CL 4 system; Gatan, UK) were conducted in a field emission
scanning electron microscope (SEM, Quanta 250, FEI) equipped with
a CL detector (blue-sensitive PMT). The phosphors were excited by
electron beam under accelerating voltage of 20 kV and filament
currents of 20 μA. The absolute quantum yield (QY) was analyzed
with a PL quantum-efficiency measurement system (C9920−02,
Hamamatsu Photonics). The WLEDs based on the NUVLED were
fabricated using a mixture of silicon resin and the as-prepared white-

light SCBPO_Cl:0.05Eu2+, 0.3Tb3+, 0.3Mn2+ phosphor, which was
dropped onto a 400 nm UV LED chip (InvenLux, China, wavelength
peak: 395−400 nm, chip size: 12 × 12 mil, forward voltage: 3.0−3.5 V,
luminous power: 5−6 mW). The optical properties, including the
electroluminescent spectrum and International Commission on
Illumination (CIE) value of the WLEDs, were measured by a fiber
optic spectrometer with an integrated sphere (Ocean Optics USB
4000). All measurements were performed at room temperature.

3. RESULTS AND DISCUSSION
Figure 1a presents the XRD patterns of SCBPO_Cl:xEu2+,
yTb3+, zMn2+ powders prepared by solid-state reaction. The

XRD patterns of Eu2+-doped, Eu2+- and Mn2+-codoped, Eu2+-
and Tb3+-codoped, and Eu2+-, Tb3+-, Mn2+-tridoped
SCBPO_Cl samples show characteristic patterns associated
with hexagonal structure (space group P63/m) and are
coincident with the apatite-type Sr5(PO4)3Cl (PDF card
No.16−0666). No other phase or impurity can be detected,
indicating that Eu2+, Tb3+, and Mn2+ ions are completely doped
in the SCBPO_Cl host lattice with no significant change in the
crystal structure. However, the diffraction peaks shift slightly to
the higher angle side with introduction of Tb3+ and Mn2+ ions,
as shown in Figure 1b. This phenomenon indicates that partial
substitution of Sr2+/Ca2+ with Eu2+, Tb3+/Mn2+ causes a change

Figure 1. (a) XRD patterns of SCBPO_Cl:0.05Eu2+, yTb3+, zMn2+

phosphors. The standard data for Sr5(PO4)3Cl (PDF#16−0666) is
shown as a reference. (b) Magnified XRD patterns in the region
between 31 and 32° for SCBPO_Cl:0.05Eu2+, yTb3+, zMn2+

phosphors. (c) Crystal structure of Sr5(PO4)3Cl unit cell viewed in
c-direction and the coordination environment of cation sites in
Sr5(PO4)3Cl.
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in lattice constant of the host lattice.30 The alkaline-earth
halophosphates (Sr3,Ca,Ba)(PO4)3Cl are isostructural to the
apatite-type Sr5(PO4)3Cl compounds,31 which has cell
parameters of a = 9.859 Å, c = 7.206 Å, V = 606.58 Å3, and
N = 2, and their crystal structures are shown in Figure 1c. The
crystal structure of Sr5(PO4)3Cl indicates that each cation has
different coordination environments; for example, the Sr1 atom
located at 4f sites is surrounded by six O atoms, with an average
distance of 2.574 Å, while the Sr2 atom located at 6h sites is
surrounded by five O and two Cl atoms, with an average
distance of 2.717 Å.32 Two Sr atoms are connected by
tetrahedral PO4 groups and through sharing vertices. Herein,
we propose that the Ba2+ and Ca2+ ions should randomly
occupy the Sr2+ sites in the SCBPO_Cl structure.33 The
effective ionic radii of Eu2+, Tb3+, Mn2+, Sr2+, Ca2+, and Ba2+ are
shown in Supporting Information Table S1. On the basis of the
comparison of the effective ionic radii of these cations with the
given coordination number, the Eu2+, Tb3+, and Mn2+ ions are
expected to randomly occupy the Sr/Ca sites in the host lattice.
Figure 2 shows the PL and PLE spectra of single Eu2+-doped

SCBPO_Cl samples. Under excitation at 365 nm, SCBPO_-

Cl:Eu2+ powders exhibit an intense blue emission and show one
asymmetric emission band peaking at 450 nm, which is ascribed
to the 4f→5d transition of the Eu2+. With increasing content of
Eu2+, the luminous intensity is dramatically intensified and
reaches a maximum at an optimal content of 0.05, as shown in
the inset of Figure 2. At this optimal content of 0.05, the QY of
the SCBPO_Cl:0.05Eu2+ phosphor can reach 85% under
excitation at 365 nm. The asymmetric emission band indicates
that there is more than one emission center in SCBPO_Cl
lattice. As shown in Figure 1c, two different Sr sites exist in the
SCBPO_Cl crystal structure, that is, the 6-fold coordinated 4f
sites (referred to as Sr1) and 7-fold coordinated 6h sites
(referred to as Sr2). This emission spectrum thus can be
deconvoluted into at least two Gaussian components peaked at
450 and 482 nm. In SCBPO_Cl:0.05Eu2+, the average
interatomic length between Eu2+ and oxygen/chlorine
(dEu−O/Cl) is 2.574 Å for Eu2+ occupying the Sr1 site and
2.717 Å for the Sr2 site. In general, the bond length affects the
crystal field strength significantly. Thus, we infer that the band
at 450 nm, assigned to Eu (1), is occupying Sr2 sites with a
weak crystal field, and the other one at 482 nm, corresponding
to Eu (2), is occupying Sr1 sites with a strong crystal field.34 Of

course, Eu (2) also has contributions to this broad excitation
band obtained by monitoring the 450 nm emission band, since
the Eu (1) band overlaps partially with the Eu (2) band at ca.
450 nm, as shown in Figure 2. The PLE spectra are obtained by
monitoring the emission at 450 and 482 nm. Both PLE spectra
exhibit a broad band from 220 to 430 nm, which can be
assigned to the 4f→5d transitions of Eu2+ ion. However, their
spectral profiles are different, indicating that the two transitions
originate from Eu2+ ions occupying two different cation sites, Sr
(1) and Sr (2), which is in agreement with the PL results. Note
that there is an overlap between the PLE spectrum of Eu(2)
and the PL spectrum of Eu(1) in the range of 400−420 nm,
which suggests the occurrence of ET from the Eu(1) to Eu(2).
Figure 3 illustrates the PL and PLE spectra of Eu2+, Tb3+, and

Mn2+ single-doped SCBPO_Cl powders. The SCBPO_-

Cl:0.05Eu2+ powders show a bright blue light at 450 nm (λex
= 365 nm). The PLE spectrum monitored at 450 nm exhibits a
broad band within 250−430 nm, covering the NUV spectral
region (Figure 3a). The PL spectrum (λex = 365 nm) of
SCBPO_Cl:Tb3+ shows several sharp lines located at 488, 543,
585, and 621 nm, which are assigned to the 5D4−7FJ=6, 5, 4, 3
transitions. The PLE spectrum (λem = 543 nm) of Tb3+ consists
of several lines in the region from 370−550 nm, which
correspond to the intra-4f transition of the Tb3+ (Figure 3b). As
for the SCBPO_Cl:Mn2+ powders, under excitation at 341 nm,
a broad-band orange-red emission at 570 nm is observed, which
is assigned to the 4T1→

6A1 transition of Mn2+ and
demonstrates Mn2+ ions occupy 7-coordinated Sr2. Monitoring
the emission at 570 nm, several weak peaks are observed in the
wavelength range of 350−500 nm, which can be attributed to
the d−d transition of Mn2+ (Figure 3c). Compared to the PL
resul t of SCBPO_Cl:Eu2+ , s ingle-doped samples
SCBPO_Cl:Tb3+/Mn2+ exhibit a very weak emission under
NUV excitation because of their forbidden f−f/d−d transitions
in the NUV region. It is clearly seen from Figure 3a−c that the
Eu2+ PL band overlaps well with both PLE spectra of Tb3+ and
Mn2+, indicating the possibility of dual ETs of Eu2+→Tb3+ and
Eu2+→Mn2+.
Figure 4a shows a series of emission spectra of

SCBPO_Cl:0.05Eu2+, yTb3+ (y = 0, 0.1, 0.2, and 0.3) under
excitation at 365 nm. With increasing Tb3+ content, the
emission intensities of Eu2+ at 450 nm decrease gradually,
whereas the relative intensity of Tb3+ increases initially, before
reaching a maximum at y = 0.3. Beyond this the Tb3+ intensity

Figure 2. (a) The PL(right) and PLE(left) spectra of SCBPO_-
Cl:0.05Eu2+ powder. The inset shows the integrated PL intensity as a
function of Eu2+ content for SCBPO_Cl:xEu2+ under excitation at 365
nm.

Figure 3. The PLE and PL spectra of (a) SCBPO_Cl:Eu2+, (b)
SCBPO_Cl:Mn2+, (c) SCBPO_Cl:Tb3+ phosphor.
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decreases gradually, which is attributed to the results of Tb3+−
Tb3+ concentration quenching and the interaction between
Eu2+ and Tb3+. This result indicates that an ET occurs from
Eu2+ to Tb3+, which can be further confirmed from the PLE
spectra (Figure 4b). Compared with the PLE spectra of a single
Eu2+-doped sample (λem = 450 nm), the appearance of a broad
band transition from Eu2+ in the PLE spectrum, obtained by
monitoring at 543 nm (Tb3+ emission), demonstrates the
occurrence of an ET from Eu2+ to Tb3+.35 Figure 4c presents
the PL spectra of SCBPO_Cl:0.05Eu2+, zMn2+ (z = 0.1, 0.2,
0.3, and 0.4) under excitation at 365 nm. Analogously, the
discussion in ET from Eu2+ to Mn2+ in SCBPO_Cl:0.05Eu2+,
zMn2+ powders is similar to that of SCBPO_Cl:0.05Eu2+,
yTb3+. Although the content of Eu2+ is fixed, the relative
intensity of Eu2+ decreases gradually with increasing Mn2+

content due to the Eu2+→Mn2+ ET. To further investigate
the dynamic luminescence process between Eu2+ and Mn2+, the
PL decay curves of Eu2+ are measured, as shown in Figure 4d.
The fluorescence of Eu2+ decays faster with increasing Mn2+

content. The decay process of these samples is characterized by
an average lifetime, τ, which can be calculated using the
following equation.36,37

∫
∫

τ =

∞

∞

I t t

I t

( ) dt

( )dt
0

0 (1)

where I(t) is the luminous intensity at time t. On the basis of
equ 1, the luminescence lifetimes of Eu2+ are determined to be
1.234, 1.179, 1.161, 1.143, 1.137, 1.060, and 1.033 μs for the
Mn2+ contents of 0, 0.1, 0.15, 0.2, 0.25, 0.3, and 0.35,
respectively. The decrease in the lifetimes of Eu2+ with
increasing Mn2+ content strongly demonstrates an ET from
Eu2+ to Mn2+. According to Paulose et al. ET efficiency (ηT)
can be expressed as38,39

η = −
I

I
1T

S

SO (2)

where ηT is the ET efficiency and Iso and Is are the
luminescence intensity of a sensitizer in the absence and
presence of an activator, respectively. As a consequence, the ηT
values from Eu2+ to Mn2+ were calculated to be 0, 39.6%,
45.8%, 57.5%, 64.8%, 68.3%, and 78.2% for SCBPO_-
Cl:0.05Eu2+, zMn2+ phosphors and plotted as a function of z
(z = 0, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35).
Figure 5 depicts the PL spectra of SCBPO_Cl:0.05Eu2+,

0.3Tb3+, 0.3Mn2+ and the corresponding PLE spectra

monitored at the emission peaks at 450 (Eu2+), 543 (Tb3+),
and 570 nm (Mn2+), respectively. Under excitation at 365 nm,
the PL spectrum consists of three main emission bands in the
visible-wavelength region, which are attributed to the
contributions of Eu2+, Tb3+, and Mn2+, as discussed above.
Monitoring the emission of Eu2+ at 450 nm, the PLE spectrum
exhibits a broad band in the range from 250 to 430 nm, which

Figure 4. (a) The PL spectra of SCBPO_Cl:0.05Eu2+, yTb3+ phosphors (y = 0, 0.15, 0.25, 0.30) under excitation at 365 nm. (b) The PLE spectra of
SCBPO_Cl:0.05Eu2+, 0.3Tb3+ sample by monitoring the emission at 450 and 543 nm. (c) The PL spectra of SCBPO_Cl:0.05Eu2+, zMn2+ powders
(z = 0, 0.1, 0.2, 0.3) under excitation at 365 nm. (d) The lifetimes of Eu2+ in SCBPO_Cl: 0.05Eu2+, zMn2+ (z = 0, 0.1, 0.15, 0.20, 0.25, 0.30, 0.35).

Figure 5. (a) The PL spectrum(right) of SCBPO_Cl:0.05Eu2+,
0.3Tb3+, 0.3Mn2+ phosphor and the corresponding PLE spectra(left)
monitored the emission peaks at 450, 543, and 570 nm, respectively.
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is assigned to the 4f→5d characteristic transition of Eu2+. It can
be seen from Figure 5a that the profile of the PLE spectrum of
570 nm Mn2+ emission is consistent with that of Eu2+, which
means Mn2+ can be excited almost exclusively via the Eu2+ 4f→
5d absorption, indicating the existence of ET from Eu2+ to
Mn2+ in the triactivated SCBPO_Cl system.33 Similarly, the
appearance of broad-band transition of Eu2+ in the PLE
spectrum of 543 nm Tb3+ emission suggests occurrence of ET
from Eu2+ to Tb3+ in the triactivated SCBPO_Cl system. The
direct excitation of Tb3+ is also possible by UV excitation at 365
nm, but the excitation strength is too weak relative to the
sensitization way (Figure 3c). Therefore, we consider that
white-light emission (λex = 365 nm) from the SCBPO_Cl:
0.05Eu2+, 0.3Tb3+, 0.3Mn2+ phosphor consists mainly of the
dual ETs of Eu2+→Tb3+ and Eu2+→Mn2+. To demonstrate the
photoluminescence characteristics of these microcrystalline
powders, we also record the confocal microscope image
(white-light illumination, dark-field mode) as well as the PL
image of phosphor powders (excited with a 365 nm UV lamp),
as shown in Figure 5b,c. From the PL image, a considerable
number of phosphor particles, visible to the naked eye, show a
bright white color luminescence (Figure 5c). These observa-
tions suggest that obtained white-light phosphor is not simple
physical mixtures of the tricolor phosphors of SCBPO_-
Cl:Eu2+/Tb3+/Mn2+ but is a novel single-phased white-light
phosphor SCBPO_Cl: 0.05Eu2+, 0.3Tb3+, 0.3Mn2+. In addition,
the ETs from Eu2+ to Tb3+ and Mn2+ existing in SCBPO_Cl
phosphors also suggest the phosphors are a single phase and
not simple physical mixtures.
To prove the above assumption, the luminescence properties

of white-light phosphor SCBPO_Cl: 0.05Eu2+, 0.3Tb3+,
0.3Mn2+ are further investigated by SEM image and μ-CL
spectrum analysis. The SEM image and μ-CL spectrum
recorded simultaneously from the same sample area are
presented in Figure 6a. Similar to the PL results, blue (Eu2+,
450 nm), green (Tb3+, 542 nm), and orange-red (Mn2+, 575

nm) emission bands are simultaneously found in the CL
spectrum, which strongly demonstrates that a white-light
emission is from the single-phased SCBPO_Cl: 0.05Eu2+,
0.3Tb3+, 0.3Mn2+ phosphor. Furthermore, it also suggests that
white light can be realized in this triactivated SCBPO_Cl
phosphor under low-voltage electron-beam excitation. The
weak green and orange-red emission band relative to blue band
is an artifact caused by weak sensitivity of PMT in the red
region. To better the understanding of the luminescence
properties of this single-phased white-light phosphor
SCBPO_Cl: 0.05Eu2+, 0.3Tb3+, 0.3Mn2+ and its micro
luminescence distribution, the monochromatic CL mappings
of sample particle are collected at the wavelengths of 450, 542,
and 575 nm, from an identical sample position, as shown in
Figure 6b−d, respectively. On the basis of the three
monochromatic CL mappings, which are recorded from the
same scanning area at three different emission wavelengths, a
uniform luminescence distribution of SCBPO_Cl:0.05Eu2+,
0.3Tb3+, 0.3Mn2+ phosphor particle can be verified.
According to the ET theory developed by Dexter,40 the ET

process through multipole interaction depends on the extent of
overlap of the absorption and emission spectra of the sensitizer
and activators.41−43 In our case, the dual ET processes of
Eu2+→Tb3+ and Eu2+→Mn2+ depends on the extent of spectral
overlap between the PL band of Eu2+ and the absorption band
of Tb3+ and Mn2+. Figure 7 shows the PLE (λem = 450 nm) and

PL (λex = 365 nm) spectrum of SCBPO_Cl:0.05Eu2+, 0.3Mn2+,
0.3Tb3+ phosphor and the corresponding energy level scheme
of Eu2+/Tb3+/Mn2+. To understand the dual ET processes of
Eu2+→Tb3+ and Eu2+→Mn2+, the possible ET routes are also
shown in Figure 7 as a reference. These levels are determined
from the PLE spectra (Figure 2) of Eu2+, Tb3+, and Mn2+

single-doped SCBPO_Cl samples as the excited states and from
the PL spectrum of Tb3+ single-doped SCBPO_Cl sample as
the ground-state splitting levels of terbium. As illustrated in
Figure 7, the 5d band of Eu2+ overlaps partially the excited-state
energy levels of Tb3+ (5L6/

5D3) and Mn2+ ((4T1 (4G)/4T2
(4D)). In addition, it can be seen that the lowest 5d energy level
(∼21 514 cm−1) of Eu2+ is 938 cm−1 higher than the 5D4
emitting energy level (∼20 576 cm−1) of Tb3+. It was reported
that the maximum vibration frequency for the SCBPO_Cl host
was about 1000 cm−1.42 Therefore, the energy mismatch

Figure 6. (a) The SEM image and CL spectrum collected
simultaneously at the same area from SCBPO_Cl:0.05Eu2+, 0.3Tb3+,
0.3Mn2+ sample. (b), (c), and (d) The corresponding monochromatic
CL mappings (false color) taken at the wavelengths of 450, 542, and
575 nm, respectively.

Figure 7. The energy levels schemes of Eu2+/Tb3+/Mn2+ and the
possible the energy transfer modes for Eu2+→Tb3+ and Eu2+→Mn2+.
The PL (λex = 365 nm, down) and PLE (λem = 450 nm, up) spectra of
white-light emission phosphor SCBPO_Cl: 0.05Eu2+, 0.3Mn2+,
0.3Tb3+ are also shown as a reference.
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between the lowest excited level of Eu2+ and the 5D4 level of
Tb3+ can be bridged by one phonon. Therefore, we consider
that the dual-process ETs of Eu2+→Tb3+ and Eu2+→Mn2+ may
take place in two ways: (1) The energy that populates the
lowest 5d excited level of Eu2+ is transferred to the 5D4/

4T2
(4G) emitting level of Tb3+/Mn2+ by multiphonon relaxation
(curved lines 1−1 and 1−2 of Figure 7), and then electrons in
the excited-state energy level 5D4/

4T2(
4G) return to the ground

state 7F6, 5, 4, 3/
6A1 by radiative transition. (2) The energy that

populates the 5d excited level (∼27 397 cm−1) of Eu2+ by direct
excitation at 365 nm is transferred from the 5L6/

4T2(
4D)

emitting level of Tb3+/Mn2+ by multiphonon interaction
(curved lines 2−1 and 2−2 of Figure 7), and then electrons
in the excited-state energy level 5L6/

4T2(
4D) return to the

lowest excited level (Tb3+, 5D4; Mn2+, 4T1(
4G)) and eventually

to the ground state by radiative transition. All in all, a white-
light emission is observed in the triactivated SCBPO_Cl system
by utilizing the principle of the dual ETs.
One of the main purposes of this work is to explore the

application potential of the studied phosphors. Therefore, we
have studied the CIE values of selected SCBPO_Cl:0.05Eu2+,
yTb3+, zMn2+ phosphors. The CIE chromaticity coordinates for
selected SCBPO_Cl:0.05Eu2+, yTb3+, zMn2+ phosphors excited
at 365 nm are calculated and presented in Table 1 and Figure 8.

As shown, the color tone of the phosphors shifts gradually from
the blue (0.16, 0.17) to blue-greenish (0.19, 0.23) to white
(0.32, 0.33) and eventually to warm-white (0.35, 0.35) by
adjusting the content of Tb3+ and Mn2+. The corresponding
digital photographs under a 365 nm UV lamp are shown in the
insets of Figure 8. These results clearly indicate that the color,
tunable with content of Tb3+ and Mn2+, makes these
compositions promising candidates for WLEDs. In addition,
the corresponding QY values measured under excitation at 365
nm are also listed in Table 1. It is found that the QY values
decrease obviously with the introduction of Tb3+ and Mn2+,
which should be in relation to the energy loss in the Eu2+→
Tb3+/Mn2+ ET process. As for the white-light phosphor
SCBPO_Cl: 0.05Eu2+, 0.3Tb3+, 0.3Mn2+, it is found that the
QY can reach 78.9%, which is higher compared with some
single-phased white-light emission phosphors reported to
date.44−46

To evaluate the potential application of white-light
SCBPO_Cl:0.05Eu2+, yTb3+, zMn2+ phosphors, WLEDs were
fabricated by combining a 400 nm NUVLED chip with a white-
light phosphor that had an optimal composition. Figure 9
shows the electroluminescent spectrum of this fabricated

WLED, and the insets show the digital photos of a well-packed
WLED. An ideal CIE coordinate (0.32, 0.33) of the WLED is
obtained. The calculated luminous efficiency (η) for this
WLED is 14 lm W1− under a forward current of 20 mA and 3 V
forward voltage. As far as we know, the obtained η is higher
than that of some the same type of WLED devices, for example,
Ca2.34Mg3.54(PO4)4:Eu

2+
0.06, Mn2+0.06(5.49 lm W1−),47 Na-

Ca0.96BO3:0.01Ce
3+, 0.03Mn2+ (6.2 lm W1−),48 Sr2Ba-

(AlO4F)1−x(SiO5)x:Ce
3+ (12 lm W1−),49 KCaY(PO4)2:Eu

2+,
and Mn2+(12.8 lm W1−).50 Even so, the relatively low η,
compared to the commercial WLEDs (100 lm W1−), is a
consequence of the NUVLEDs being not as bright but having a
larger Stokes shift. However, the relatively low η can be further
improved through optimization of the processing conditions of
the phosphors as well as device structure of the WLED. In

Table 1. Representation of the CIE Chromaticity and QY for
Selected SCBPO_Cl:xEu2+, yTb3+, zMn2+ Samples under
Excitation at 365 nm

CIE quantum yield

no. composition (x, y) (QY)

1 0.30Tb3+ (0.35, 0.56)
2 0.30Mn2+ (0.52, 0.48)
3 0.05Eu2+ (0.16, 0.17) 85.1%
4 0.05Eu2+, 0.3Tb3+ (0.19, 0.23) 72.7%
5 0.05Eu2+, 0.3Mn2+ (0.35, 0.35) 62.4%
6 0.05Eu2+, 0.3Tb3+, 0.1Mn2+ (0.24, 0.25) 51.2%
7 0.05Eu2+, 0.1Tb3+, 0.3Mn2+ (0.31, 0.32) 81.4%
8 0.05Eu2+, 0.3Tb3+, 0.3Mn2+ (0.29, 0.30) 78.9%
9 0.05Eu2+, 0.3Tb3+, 0.5Mn2+ (0.32, 0.33) 59.6%

Figure 8. The CIE chromaticity coordinates of (1) SCBPO_-
Cl:0.05Eu2+, (2) SCBPO_Cl:0.05Eu2+, 0.3Tb3+, (3) SCBPO_-
Cl:0.05Eu2+, 0.3Mn2+, (4) SCBPO_Cl:0.05Eu2+, 0.3Tb3+, 0.5Mn2+,
(5) SCBPO_Cl:0.3Mn2+, and (6) SCBPO_Cl:0.3Tb3+ phosphors
under excitation at 365 nm. The insets show the corresponding digital
photos for selected samples upon excitation with a 365 nm UV lamp.

Figure 9. The electroluminescence spectrum of 400 nm NUVLED
chip combined with white-light SCBPO_Cl: 0.05Eu2+, 0.3Tb3+,
0.5Mn2+ phosphor under the forward-bias current of 20 mA. The
insets show the photographs of as-prepared WLED.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402870p | Inorg. Chem. 2014, 53, 3441−34483446



conclusion, these results show that this single-phased
SCBPO_Cl:xEu2+, yTb3+, zMn2+ phosphor could be a
promising white-light phosphor for NUVLEDs.

4. CONCLUSION
In summary, we have synthesized a series of Eu2+, Tb3+, Mn2+

triactivated (Sr3, Ca, Ba)(PO4)3Cl phosphors via high-temper-
ature solid-state reactions and investigated their photo-
luminescence and μ-CL properties. Under excitation at 365
nm, a bright white light is realized in this triactivated
SCBPO_Cl system by using the principle of dual ETs, for
example, Eu2+→Tb3+ and Eu2+→Mn2+. The ETs from Eu2+ to
Tb3+ and from Eu2+ to Mn2+ in the SCBPO_Cl host are
confirmed by photoluminescence excitation spectra and
fluorescence decay dynamic analysis. Combining the analysis
results of fluorescence images, CL spectra, and μ-CL mappings
characteristic of a phosphor particle, a homogeneous
luminescence distribution can be verified. Moreover, we
demonstrated that the color hue for these single-phased
white-light phosphors can be tuned from cool-white to
middle-white and eventually to warm-white by simply
controlling the content of Tb3+ and Mn2+. The calculated
luminous efficiency (η) of 14 lm W1− and the CIE color
coordinate of (0.32, 0.33) are realized by pumping this single-
phased white-light phosphor with a 400 nm NUVLED chip.
These results indicate that as-prepared white-emitting phos-
phor (Sr3−x,Ca1−y−z,Ba)(PO4)3Cl:xEu

2+, yTb3+, zMn2+ could be
a promising single-phased phosphor for WLEDs.
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